Macruz R: Hemodynamic determinants of oxygen consumption of the heart yxth special reference to the tension-time index. Am J Physiol 192: [148][149][150][151][152][153][154][155][156] 1958 SUMMARY Cardiac myosin from thyrotoxic animals (myosin-T) exhibits elevated Ca t+ -ATPase activity which is resistant to further stimulation by sulfhydryl modification. In the present study, we bare compared the enzymatic properties of myosin-T with those of myosin from eutbyroid rabbits (myosin-N) and toe derivatives of myosin-T and myosin-N formed by Mocking tile most rapidly reacting class of tfaiols (SH,) with yV-ethylmalelmlde (NEM). V m . r for Ca 1+ -ATPase of myosin-T was about 250% greater than myosin-N and was nearly the same as NEM-modified myosin-N. Values for tbe apparent K m of myosin-T and NEM-modified myosin-N were 200% greater than tbe value for unmodified myosin-N. V ra ., and K m for K+(EDTA)-ATPase activity of NEM-modified myosin-T and myosin-N were identical. The Ca*+ saturation, pH, and salt-dependency curves for tbe ATPase activity of myosin-T were parallel to the curves for myosin-N and differed from tbose for tbe NEM-modified myoslns. Myosin-T exhibited an increased rate of hydrolysis of ATP, CTP, and UTP in both low (0.05 M) and high (0.5 M) KC1 medium. NEM-modified myosin-N showed increased hydrolysis of ATP and CTP in low KCI medium and increased hydrolysis of ATP, CTP, and UTP in high KCI medium. These results support tbe hypothesis that the enzymatic behavior of myosin-T may be caused by an alteration in tbe active site near the S H , tfaiols. Tbe unique enzymatic properties of myosin-T did not seem to be the result of a major change in structure. The electropboretic pattern of light chains from myosin-T and myosin-N was tbe same in polyacrylamide gels containing either 8 M urea at pH 8.6 or sodium dodecyl sulfate. Also, myosin-T had a normal amino acid composition and lacked 3-methylhistidine and hot acid-stable phosphate.
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THYROID HORMONE administration causes development of hypertrophy and accumulation of myofibrillar proteins in the heart. 1 The speed of myocardial contraction is increased in thyrotoxic animals, 1 -' and there are reports of increased myosin ATPase activity. '• 4 In contrast, depressed contractility and reduced myofibrillar, actomyosin, and myosin ATPase activities have been found in hypertrophy induced by pressure overload. 4 " 7 Thus certain adaptative responses in the contractile properties of the heart may be mediated by changes in myosin ATPase activity.
with saline (control) or thyroxine. In all, 13 control groups and 12 thyrotoxic groups were studied. The rabbits received daily intramuscular injections of either L-thyroxine (10-20 g/100 g of body weight) or saline for 2 weeks. The rabbits were stunned by a blow to the head and the heart was excised rapidly. Hearts were packed in ice and dissected into preparations consisting of the right ventricle and the left ventricle plus septum and weighed on a top-loading electric balance (Mettler). Before they were killed a sample of blood was obtained from some rabbits for determination of serum thyroxine by the method of Murphy and Pattee."
PREPARATION OF MYOSIN
Myosin was prepared by a modification of the method of Katz et al." The coarsely ground ventricular muscle was stirred for I minute with 10 vol of 0.05 M potassium phosphate buffer, pH 6.8, and filtered over four layers of cheesecloth prior to extraction of myosin. The myosin was extracted with a solution containing 0.3 M KC1, 0.05 M potassium phosphate buffer, pH 6.8, and 3 mM potassium pyrophosphate. After centrifugation for 90 minutes at 123,000 g with Mg-ATP to remove traces of actin, saturated (NH 4 ),SO 4 was added to the supernatant fluid, and the fraction that precipitated between 34% and 45% saturation was collected by low speed centrifugation. In some experiments myosin was purified further by chromatography on diethylaminoethyl (DEAE)-Sephadex A-50 according to the method of Richards et a l . " All procedures were performed at 4°C and all solutions contained 1 mM ethylenediaminetetraacetic acid (EDTA).
PREPARATION OF NEM-MODIFIED MYOSINS
NEM derivatives of myosin-N and myosin-T were prepared by reaction for 20 minutes in an ice bath with an 8-fold excess, on a molar basis, of NEM as previously described." The Ca J+ -ATPase activity of preparations of NEM-modified myosin-N were 225-282% of the unreacted value; preparations of NEM-modified myosin-T were 88-105% of the unreacted value. NEM-myosins contained about 2.0-2.2 mol of NEM per mol.
ATPase ASSAY Ca 2+ -ATPase activity of myosin was measured as described by Sreter et al. 14 at 30°C in medium containing 0.05 M tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 7.6, 0.5 M KCI, 0.005 M ATP, and 0.01 M CaCl,. To determine K+(EDTA)-ATPase activity, CaCl, was replaced by 0.001 M EDTA. When these assay conditions were varied, the altered conditions are stated in the captions for the figures or tables showing the results of these experiments. Myosin concentrations were measured either by the biuret method, using serum albumin as standard, or by measuring A 2ao corrected for light-scattering and using an extinction coefficient of Ei?o = 5.6." Inorganic phosphate liberated in the reactions was measured by the method of Fiske and Subbarow."
GEL ELECTROPHORESIS
Sodium dodecyl sulfate (SDS)-polyacrylamide disc gel electrophoresis was performed by the method of Weber and Osborn. 17 Myosin samples also were subjected to electrophoresis in 10% polyacrylamide gels that contained 8 M urea and were 0.05 M in Tris-glycine buffer, pH 8.6." After electrophoresis, gels were fixed for 30 minutes in 20% trichloroacetic acid and then stained overnight with 0.25% Coomassie blue in 50% methanol and 9% acetic acid. Excess stain was removed by soaking, first in a mixture containing 50% methanol and 9% acetic acid, and then in 7.5% acetic acid. ,
AMINO ACID ANALYSIS
Myosin samples were hydrolyzed for 22 hours in 6 N HC1 in evacuated, sealed tubes. Analyses were carried out with a modified Phoenix model M78OO analyzer using a singlecolumn system with Beckman AA-15 resin and buffers prepared as described in the Beckman manual. Peak integration was performed with an Autolab system AA computing integrator with digital printout. Cysteine was determined as cysteic acid after performic acid oxidation." Samples were analyzed for 3-methylhistidine on a column (0.9 x 20 cm) of Phoenix XX860-0 resin as described by Huszar and Elzinga. 10 
PHOSPHATE ANALYSIS
Myosin samples that had been purified by chromatography on DEAE-Sephadex A-50 were exhaustively dialyzed against 0.5 M KCI and 0.01 M Tris-HCl, pH 7.0. To determine bound phosphate, 4-5 mg of myosin were precipitated with an equal volume of cold 10% trichloroacetic acid, heated at 70°C for 15 minutes, and centrifuged. The pellet was resuspended in 5% trichloroacetic acid to remove nonbound phosphate, and was centrifuged. A volume of about 0.05 ml of 10% Mg(NO,) 2 -6H,O in 95% ethanol was added to the pellet and the sample was ashed over a strong flame. 21 After cooling, 0.3 ml of 0.5 M HC1 was added and the sample was heated at IOO°C for 15 minutes. The residual ash was removed by centrifugation and a sample of the supernatant fluid was taken for determination of phosphate by the method of Itaya and Michio" using the malachite green reagent.
Results

EXPERIMENTS ON RABBITS
The serum thyroxine averaged 2.6 ± 0.3 (mean ± SE) jig/100 ml in nine control rabbits and 10.7 ± l.0/ig/100 ml in eight treated with thyroxine \P < 0.01). The body weights and right and left ventricular weights are summarized for both groups in Table 1 . In rabbits receiving thyroxine there was cessation of body growth during the 2-week period of injections, whereas euthyroid control rabbits continued to grow and gained weight normally. Although the final body weights were lower in thyrotoxic rabbits, both right and left ventricular weights were about 20% greater than in controls. The differences in ventricular weights between thyrotoxic and euthyroid rabbits and differences in the ratio of combined ventricular weights to body weight all were statistically highly significant (P < 0.01).
CHARACTERIZATION OF MYOSINS
The myosins used in these studies were characterized by gel electrophoresis, amino acid analysis, and determination of the bound phosphate content. Electrophoresis in 6%, 7.5%, and 10% SDS gel showed that the same two light chain bands were present in myosin from thyrotoxic and euthyroid rabbits, as previously described, '• 10 and that the myosin was free of all but traces of other protein contaminants. The electrophoretic mobility of the light subunits also was examined in 10% polyacrylamide gels containing 8 M urea (Fig. 1) . The light subunits from myosin-N and myosin-T appeared to have the same mobilities in this system as well. As shown in Table 2 , there were no discernible differences in amino acid composition of the myosins. After (NH 4 ) t SO < fractionation, myosin samples contained traces of 3-methylhistidine. However, this amino acid could not be detected in samples which had been subjected to further purification on TJEAE-Sephadex A-50.The ATPase activity was increased by about 10-15% by passage through the column, suggesting that the small amount of 3-methylhistidine observed in (NH 4 ),SO.,-precipitated material probably was associated with actin contamination (see Discussion). Samples of (NH 4 ),SO ..-precipitated myosin also contained traces of hot acid-stable phosphate. After passage through DEAE-Sephadex, hot acid-stable phosphate could not be detected (<0.2 mol of phosphate per mol) in either myosin-N or myosin-T. Figure 2 shows a double-reciprocal plot for Ca 2+ -ATPase activity of myosin from normal and thyrotoxic rabbits. Figure 3 gives a similar plot for Ca t+ -ATPase activity of their NEM-derivatives. Table 3 shows kinetic constants for steady state myosin ATPase activities obtained from these data using a weighted least squares program."
KINETICS OF STEADY STATE ATPue ACTIVITIES
in the -presence of activating-Ca'*, myosin-T exhibitedm arked increase in V mn ,. The apparent K n , also was increased, indicating a decrease in the affinity of myosin-T for ATP. V ma , and the apparent K m for the K + (EDTA)-ATPase activity of myosin-T were the same as for myosin-N (Table 3) . After NEM modification, V m> , and the apparent K m for the Ca 2+ -ATPase activity of myosin-N were increased and became nearly the same as the values for native myosin-T. The kinetic constants for NEM-modified myosin-N and NEM-modified myosin-T were indistinguishable.
EFFECTS OF CALCIUM
In the presence of a low K + concentration (0.05 M), addition of Ca a+ stimulated the ATPase activity of both 
FIGURE 3 Double-reciprocal plots of Ca'*-A TPase activity of N-ethylmaJeimide (NEM)-modified myosin vs. A TP concentration. Assays were performed as described in Methods. Activity of NEM-modified myosin from normal rabbits (myosin-N) (•); activity of NEM-modified myosin from thyroioxic rabbits (myosin-T) (O).
myosin-T and myosin-N, with half-maximal stimulation being observed at about 0.005 M CaCli (Fig. 4) . In contrast, when the assay was conducted in a high potassium medium (0. inhibited by only about 20%, but myosin-N was inhibited by more than 60%. In the absence of EDTA, essentially the same results were obtained except that the activity of myosin-N was maximally inhibited at all Ca I+ concentrations tested. One explanation for the slower hydrolysis of ATP by myosin in the presence of Ca 2+ , or Mg 2+ , than K + is that the complex of the divalent metal with ATP is more tightly bound to the catalytic site than K-ATP." The effects obtained in the present study with Ca 2+ in the presence of a high K + concentration are in accord with this hypothesis, since maximal inhibition of K + -stimulated ATPase activity occurred at a Ca 1+ concentration almost exactly equal to that of ATP in the medium. The lesser inhibitory effect of Ca I + on the ATPase activity of myosin-T may result from the fact that in this myosin the affinities for Ca-ATP and K-ATP are more nearly equal (Table 3) .
KC1-DEPENDENCE OF CA
1+
-ATPase ACTIVITY To determine whether the elevated Ca l+ -ATPase activity of myosin from thyrotoxic rabbits could be the result of differences in salt-dependent conformational states of this myosin, the Ca 2+ -ATPase activity of myosin-T and myosin-N was measured as a function of KC1 concentration (Fig. 6) . Although the ATPase activity of native myosin-T was higher than normal, the activity decreased in a manner similar to that of myosin-N as KCI concentration was increased. The effect of variations in KC1 concentration on NEM-modified myosin also is shown in this figure. After modification, the ATPase activity of myosin-N and myosin-T increased as a function of salt concentration. Reversal of salt-dependence as a result of NEM modification has been reported previously for skeletal myosin. 25 Figure 7 shows the dependence on pH of the Ca 1+ -ATPase activity of native and NEM-modified myosin from euthyroid and thyrotoxic rabbits. Native myosin of"both types showed the characteristic U-shaped curve initially described by Mommaerts and Seraydarian 28 for skeletal myosin and reported by Luchi and Kritcher 27 for cardiac myosin. After NEM modification, myosin-N and myosin-T exhibited a single optimum near pH 9.0. Figure 7 also indicates that Ca 1+ -ATPase activity of myosin-T was similar to NEM-modified myosins near pH 7 and 9, but between these pH values the activities were substantially different.
DEPENDENCE OF CA»+-ATPase ACTIVITY ON pH
NUCLEOTIDE TRIPHOSPHATASE ACTIVITY
Ca
!+ -activated nucleotide triphosphatase activity of myosin-N and myosin-T and the effects of NEM modifica- 
FIGURE 6 Effects of KCI on Ca' + -A TPase activities of native and N-elhylmaleimide (NEM)-modified cardiac myosin from normal (myosin-N) and thyrotoxic (myosin-T) rabbits. Assays were performed at 37"C in 0.05 M Tris-Cl, pH 7.6 containing 0.005 M A TP, 0.01 M CaCI Jt and varying concentrations of KCI. Activity of native myosin-N (•) and myosin-T (OV activity of NEM-modified myosin-N (•) and myosin-T (Q).
FIGURE 7 pH-dependence of native and N-elhylmaleimide (NEMymodified myosin from normal (myosin-N) and thyrotoxic (myosin-T) rabbits. Activity of native myosin-N (•) and myosin-T (O): activity of NEM-modified myosin-N (•) and myosin-T (D).
tion are shown in Table 4 . These assays were performed in high (0.5 M) and low (0.025 M) KCI medium, because the rate of Ca 2+ -activated nucleotide triphosphate hydrolysis by native and NEM-modified myosin is known to vary with the KCI concentration. 26 The activity of myosin-N with respect to the physiological nucleotide triphosphates in 0.025 M KCI medium was ITP > GTP > ATP > CTP. When myosin-T was assayed in low KCI medium, the relative rate of hydrolysis of the 6-amino-substituted purine and pyrimidine nucleotide triphosphates, ATP and CTP, and the 6-oxysubstituted pyrimidine, UTP, was increased almost 2-fold relative to the hydrolysis of these nucleotides by myosin-N. The rate of hydrolysis of ITP and GTP by myosin-T was only slightly greater than normal. In high KCI medium, the rate of hydrolysis of CTP by myosin-N was increased slightly, but the hydrolysis of the other nucleotide triphosphates was reduced. The rate of hydrolysis of nucleotide triphosphates by myosin-T generally was greater in high than in low KCI medium, except for ATP, which was more slowly split in the former. Thus the differences in activity between myosin-T and myosin-N were more pronounced in high KCI medium.
NEM modification of myosin-N increased the rate of hydrolysis of ATP and CTP in both high and low KCI medium. Hydrolysis of UTP was stimulated in high KCI medium, but depressed in low KCI medium. Sekine and Kielley" noted a similar salt-dependence of the rate of hydrolysis of UTP by NEM-modified myosin from skeletal muscle. NEM modification of myosin-T resulted in only a slight stimulation of ATP and CTP hydrolysis and depressed the hydrolysis of the other nucleotide triphosphates.
The K + (EDTA)-nucleotide triphosphatase activity of native myosin-N and myosin-T also were studied (Table 5) . In contrast to the marked increase in activity of myosin-T with respect to certain nucleotide triphosphates in the presence of Ca 2+ , when K + was the activating metal cation the nucleotide triphosphatase activity appeared essentially normal.
DISCUSSION
In the present study we have compared the enzymatic properties of native and SH,-blocked cardiac myosin from normal and thyroloxic rabbits. The results indicate that the kinetic parameters V lnMX and K m for the Ca*'-ATPase activity of myosin-T were quite similar to values for myosin-N which had been modified by blocking the SH, thiols with NEM. Myosin-T also exhibited enhanced activity with respect to other 6-amino-or 6-oxy-substituted nucleotide triphosphates which resembled the effects observed with thiol modification. The Ca J + saturation, pH, and saltdependency curves for the ATPase activity of myosin-T and myosin-N were parallel and differed from those obtained for their NEM derivatives. The enzymatic behavior of the NEM derivatives of myosin-T and myosin-N was essentially the same. These results deserve further discussion in terms of possible mechanisms for the change in activity of myosin-T.
Although thyroxine probably does not exert its influence on the enzymatic properties of cardiac myosin by thiol modification, the results obtained from studies on the interaction of native and SH,-modified myosins with nucleotide tnphosphate substrates may be useful in gaining an understanding of the molecular basis for the increase in activity. For example, it is known that modification of a single rapidly reacting thiol group (SH,) per myosin head elevates the Ca''-ATPase activity while causing a concomitant depression in K r (EDTA)-ATPase activity.
•" Modification of a second thiol group per myosin head (SH,) results in complete loss of ATPase activity.
Blocking these thiol groups with reagents, such as NEM or p-chloromercuribenzoate, appears to alter the association of the purine or pyrimidine base with the active site of the enzyme. In particular, it has been proposed that modification of the SH, thiols may interfere with binding of the substrate through position 6 of the nucleotide ring." However, it is not clear that the action of these reagents can be interpreted completely in terms of modification of a ring binding site. In addition to an increase in the apparent K,,, for ATP (Table 3) , studies of NEM-modified skeletal myosin have shown alterations in the temperature-activity relationship which indicate a more extensive modification of the reaction between enzyme and substrate." Also, blocking both classes of rapidly reacting thiols does not eliminate ATP binding, in spite of the complete loss of activity.'" Thus it seems likely that the SH, and SH, thiols are not direct participants in the reaction of enzyme and substrate but that, because of their close proximity to the active site, blocking these groups results in some rather specific conformational disturbance of this site.
Comparison of the Ca a *-stimulated nucleotide triphosphatase activity of native myosin-T and SH,-blocked myosin-N revealed several similar features. The maximum rate of hydrolysis of ATP by myosin-T and NEM-modified myosin-N were similar and their affinities for Ca-ATP were the same. Both myosin-T and SH,-blocked myosin-N exhibited enhanced activity with respect to the 6-amino-substituted purine and pyrimidine nucleotide triphosphates. ATP and CTP, and the 6-oxy-substituted pyrimidine, UTP. Also, it seems significant that the activity of myosin-T could not be further enhanced by thiol modification.*"'" However, the possibility of a simple identity in the conformational states induced by thyroxine treatment and thiol modification is excluded by the fact that the K"(EDTA)-ATPase activity was markedly reduced by thiol modification, but the K(EDTA)-stimulated activity with respect to ATP and other nucleotide triphosphates was unaffected by thyroxine treatment.
A tentative explanation for the effects of thyroxine on cardiac myosin is that thyroxine, or one of its metabolic products, induces a conformational change in the active site. This might be the result of (1) the binding to myosin of thyroxine or some metabolic product induced by the hormone, (2) synthesis de novo of a new myosin species with a different active site configuration, or (3) induction of enzymes which modify the side chain of an amino acid residue in the active site of the existing myosin species (see below). In the presence of activating C a ' \ the interaction between the nucleotide substrate and the enzyme surface in the region of the SH i thiols is disturbed. This might involve disruption of an interaction between either the SH, itself, or some neighboring group, and position 6 on the nucleotide ring. With K r as the activating metal cation, the interaction between the active site and the nucleotide triphosphate substrate is less disturbed and hydrolysis proceeds normally (Table 5 ). In support of this mechanism, it is worth mentioning that elevation of myosin Ca*' -ATPase activity also is brought about by a variety of reagents, such as ethylene glycol, dioxane and alcohols, that do not modify thiols but seem to work by inducing a local conformational change in the enzyme.
3 " It is well established that myosins from skeletal muscles and heart represent a family of isozymes that differ in ATPase activity and in the composition of light and heavy subunits. 3 ' J] The question naturally arises as to whether the action of thyroid hormone on cardiac myosin might be mediated by a change in myosin isozymes.
In their original study. Thyrum and co-workers 4 reported that administration of thyroxine to guinea pigs increased cardiac myosin Ca J '-ATPase activity by 30%. They also found that the helix content of myosin, as determined by optical rotation measurements, was increased from 43% to 55%, and this was accompanied by an increase in the "helix-promoting" amino acids, lysine and aspartic acid, and a decrease in the "helix-disturbing" amino acids, threonine and serine. They suggested that administration of thyroxine stimulates the synthesis of a new type of cardiac myosin or a new protein which is intimately associated with cardiac myosin.
Their suggestions have not received much direct support. The increased enzymatic activity of myosin from thyrotoxic animals is retained after extensive purification, and no evidence of a major change in structure has been found. The electrophoretic pattern of light subunits from this myosin appeared normal on SDS-polyacrylamide gels, 3 l0 and we found no change in the pattern on polyacrylamide gels containing 8 M urea at pH 8.6. Yazaki and Raben 10 reported that the amino acid composition of cardiac myosin from thyrotoxic animals has included analyses for either bound findings.
In our present investigation we also considered the possibility that the increased activity of myosin-T might be the result of methylation of histidine residues or phosphorylation. None of the published reports on cardiac myosin from thyrotoxic animals has included analyses for either bound phosphate or 3-methylhistidine.
A careful attempt was made to identify 3-methylhistidine, because the presence of I molecule per molecule of myosin heavy chain seems to be associated with higher ATPase activity. 34 Some samples of myosin (molecular weight about 500,000) prepared by (NH.),SO 4 fractionation contained traces of 3-methylhistidine. However, actin contains I residue of 3-methylhistidine per molecule of molecular weight 42.000," and even low levels of contamination would contribute significant amounts of 3-methylhistidine. Samples of myosin which had been purified by chromatography and found to be free of actin upon electrophoresis on 10% SDS-polyacrylamide gels did not contain detectable amounts of 3-methylhistidine.
The possibility that thyroxine might affect myosin ATPase activity by inducing phosphorylation of the enzyme also was examined. Thyroxine has been reported to regulate the phosphorylation of ribosomal proteins, 36 and myosins from several sources have been found to contain phosphorylated subunits. Perrie et al. 37 have shown that the 18,500 molecular weight subunit (light chain 2) of rabbit skeletal myosin is phosphorylated, and phosphorylation of one of the two light subunits of human platelet myosin has been reported. 38 McPherson and co-workers" found phosphorylation of each of the subunits of canine cardiac myosin. The heavy chain contained about 4.5 mol of phosphate per mol; light chain 1, about 0.2; and light chain 2, about 0.7. In their report, the bound phosphate was stable on treatment with hot acid and was released by alkali, suggesting that it was in an ester linkage.
In the present study, chromatography on DEAESephadex A-50 removed the small amounts of bound phosphate that were present in myosin-N and myosin-T without greatly altering their enzymatic activity. This suggests that the bound phosphate probably was associated with contaminating phosphoproteins. Although it is possible that some covalently bound phosphate was removed from myosin during chromatography, or at some earlier step in purification, it seems unlikely that phosphorylation is essential for the elevated Ca^-ATPase activity of myosin-T. The bound phosphate found in normal canine myosin by McPherson et al. 3 " may represent contaminating phosphoproteins or there may be species differences in the phosphate content of cardiac myosin.
